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We present in this work a quasi-continuous-wave (CW) pentacene maser operating at 1.45 GHz
in the Earth’s magnetic field at room temperature with a duration of ∼4 ms and an output power
of up to -25 dBm. The maser is optically pumped by a cerium-doped YAG (Ce:YAG) luminescent
concentrator (LC) whose wedge-shaped output is embedded inside a 0.1% pentacene-doped para-
terphenyl (Pc:Ptp) crystal. The pumped crystal is located inside a ring of strontium titanate (STO)
that supports a TE01δ mode of high magnetic Purcell factor. Combined with simulations, our results
indicate that CW operation of pentacene masers at room-temperature is perfectly feasible so long
as excessive heating of the crystal is avoided.
I. INTRODUCTION
The maser[1], the microwave analogue of a laser, is a
device that exploits stimulated emission to amplify elec-
tromagnetic signals at GHz frequencies with very little
added noise. By offering extreme sensitivity (i.e. noise
temperatures of just a few Kelvin)[2], exceptionally low
intermodulation distortion [3], and rock-solid durability
(in the face of jamming or accidental input overload),
solid-state masers[4, 5] have proven themselves useful for
deep-space communication links[6, 7]. When configured
as an oscillator, both gaseous[8] and solid-state masers
can be exploited as secondary frequency standards for
time keeping and metrology[9, 10]. It was noted early on
[11] that zero-field masers, though not magnetically tun-
able, dispense with the need for carefully grown mono-
crystals of known cut and orientation.
In the case of solid-state gain media like ruby (based
on covalently or ionically bonded crystals), the rapid
increase in the rate of spin-lattice relaxation with ab-
solute temperature makes room-temperature operation
challenging, thus motivating the exploration of different
materials and pumping schemes. In 2012, an optically-
pumped solid-state maser based on pentacene-doped
para-terphenyl (Pc:Ptp), operating at 1.45 GHz, was
demonstrated[12], though maser oscillation occurred in
bursts lasting only ∼250 µs. Despite providing a high
polarization density and thus high instantaneous out-
put power (of around -10 dBm), it was suspected that
“bottlenecking”[13] in the material’s spin dynamics[14]
prevented this maser from operating in continuous wave
(CW) mode, thus fueling a search for alternatives [15–
17]. Though a breakthrough came with the demonstra-
tion of a room-temperature maser employing nitrogen-
vacancy (NV−) defects in diamond[18] that was capa-
ble of CW operation, it required a uniform applied mag-
netic field of ∼ 430 mT and saturates at a vastly lower
output power (-90 dBm). As was already pointed out
in ref. [13], low-noise amplification at room temperature
∗ m.oxborrow@imperial.ac.uk
requires that the maser’s co-operativity (η in ref. [13],
or C in ref. [18] and this work) must vastly exceed
unity. In other words, the “cold” active gain provided
by the maser’s pumped medium must substantially out-
strip the “warm” passive losses incurred through dissi-
pation within the maser’s electromagnetic cavity. Since
no published NV− diamond maser has yet operated in
this regime, the potential of such masers to amplify
more quietly (i.e. demonstrate lower noise temperatures)
than conventional HEMT-based microwave amplifiers re-
mains unproven. The high doping concentrations (parts
per thousand) and thus high spin-polarization densities
that Pc:Ptp provides (together with usefully long de-
cay/decoherence times) offers hope of accessing the elu-
sive “C  1” regime needed for low-noise amplification
at room temperature, as well as a route to the realization
of strong-coupling effects[19].
Recently, we accurately investigated the zero-field spin
dynamics of the (lowest lying) triplet state of pentacene
when doped in para-terphenyl at room-temperature[20]
and found the dynamics to lie tantalizingly close to
the boundary between the “bottlenecked” and ”CW-
masing-feasible” (C ≥ 1) regimes. Encouraging results
with pump pulses of longer duration motivated us to re-
examine the feasibility of CW operation. In this paper,
we present a room-temperature pentacene maser work-
ing in a quasi-continuous wave mode (quasi-CW) with
an output power up to -25 dBm and a duration of ∼4
ms. This duration was as long as that of the optical
pump pulse applied to the gain medium. We attribute
this accomplishment to three key modifications over the
original pentacene maser: i) the use of a different optical
pump source, ii) improved optical coupling of the pump
light into the maser crystal and iii) the use of a maser
cavity supporting a microwave mode of high magnetic
Purcell factor. Unlike conventional optical pumping with
pulsed lasers[12, 14], we use a cerium-doped YAG lumi-
nescent concentrator (Ce:YAG LC) pumped by a xenon
flash lamp[21]. This source can provide intense pulses of
yellow light substantially longer in duration than what
a long-pulsed dye laser can generate. Instead of pump-
ing the maser crystal through its exterior surface, the
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2Ce:YAG LC with wedged output faces was embedded
into the Pc:Ptp crystal, thus implementing what we re-
fer to as “invasive optical pumping”[22]. This consider-
ably improves the illumination of the crystal throughout
its bulk and avoids thermal damage (scorching) at the
crystal’s surface. Moreover, a miniaturized maser cav-
ity made of a strontium titanate (STO) crystal was em-
ployed to boost the spin-photon coupling (i.e. Einstein’s
B co-efficient) via the Purcell effect[23], thus lowering
the optical pumping threshold[24]. By simulating the
obtained 4-ms maser burst obtained experimentally, we
found that pentacene’s underlying spin dynamics sup-
ports CW maser operation at room-temperature, pro-
vided the heat dissipated within the maser crystal by
optical pumping can be removed.
II. PRINCIPLE OF MASER OPERATION –
TRIPLET MECHANISM
The pentacene maser is pumped through the triplet
mechanism (“TM”) as shown in Fig. 1. Individual
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FIG. 1. Jablonski diagram showing the optical pumping
scheme that prepares highly polarized pentacene triplets
(blue) at zero applied magnetic field. The maser transition
with a frequency of 1.4495 GHz occurs between the |X〉 and
|Z〉 triplet sublevels. Γ : pump rate; ksp: spontaneous emis-
sion rate; kISC: intersystem crossing rate; kIC: internal con-
version rate; γXY: spin-lattice relaxation rate between sub-
levels |X〉 and |Y〉, similarly for γXZ and γYZ; kX: the decay
rate from sublevel |X〉 back to the ground state S0, similarly
for kY and kZ.
pentacene molecules substitutively doped into the para-
terphenyl crystal are optically pumped from the singlet
ground state S0 to the singlet excited state Si (i =
1, 2, 3, ...) for which the pump wavelengths of 590 nm,
550 nm and 510 nm have been determined to be optimal
for inducing S0 → S1, S0 → S2 and S0 → S3 transitions
respectively[16]. Optically excited pentacene molecules
can transition from S1 back to S0 via either stimulated
or spontaneous optical emission, the rate of the former
growing with the pump light’s intensity[25]. Since it can
be ignored in this work, the majority (∼ 62.5%[25]) of
the pentacene molecules in S1 will resonantly transfer
to the triplet state T2 by spin-orbit coupling mediated
by intersystem crossing (ISC). The ISC process is highly
spin-selective, resulting in non-Boltzmann distributions
of populations across the triplet state’s sublevels, |X〉,
|Y〉 and |Z〉 in the experimentally determined ratio of
0.76 : 0.16 : 0.08[26]. Pentacene molecules in T2 rapidly
decay via internal conversion (IC) to the lowest triplet
state T1 while preserving the population distribution
(and hence spin polarization) across T1’s sublevels. This
provides the prerequisite condition for masing: a strong
initial population inversion across |X〉 and |Z〉. When the
highly polarized pentacene molecules are placed in a cav-
ity supporting a microwave mode at 1.4495 GHz, which
matches the zero-field splitting between |X〉 and |Z〉 [24],
stimulated emission is induced by microwave photons oc-
cupying the mode. Alongside stimulated emission, spin-
lattice relaxation and non-radiative decay of triplets back
to S0 affect the populations of the three sublevels of T1.
Masing occurs when the gain associated with stimulated
emission (minus the loss associated with stimulated ab-
sorption across the same |X〉 ↔ |Z〉 transition) exceeds
the dissipative decay rate for 1.45 GHz photons in the
mode.
III. MASER ASSEMBLY
The experimental setup of the quasi-CW pentacene
maser is shown in Fig. 2 with all critical components
labelled. Salient details about the maser assembly are
described below.
FIG. 2. Setup of the Ce:YAG LC-pumped pentacene maser
(without showing the copper enclosure of the STO cavity).
Inset: UV/vis spectroscopy of the filter installed at the output
of the xenon flash lamp.
A. Optical pumping
A luminescent concentrator (LC) was received from
Crytur [27] in the form of a slender bar (rectangular
prism) of “Cryphosphor”-branded Ce:YAG; its dimen-
sions were 80 mm long (l) × 5 mm wide (w) × 0.6 mm
thick (d) with all six of its faces polished. Additional
3faces were then flat-ground and polished by hand onto
one end of the bar. These faces comprised (i) one wide
isosceles-trapezoidal face reducing the bar’s thickness and
(ii) a symmetrical pair of narrow triangular faces reduc-
ing the bar’s width. The latter allowed the wedged end to
fit into the 4-mm bore of the maser cavity’s STO dielec-
tric ring (see Fig. 3). The LC’s outputting faces, inject-
ing light into the crystal, comprised the above three faces
plus the section of the bar’s untouched l × w face lying
opposite the trapezoidal face (i). To maximise the out-
put at the wedged end, the w×d face at the opposite end
of the Ce:YAG bar was attached to a small solid-silver
mirror, which reflected light back into the bar towards
its wedged end.
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FIG. 3. Concept and design of the invasive optical pumping
with the wedged Ce:YAG LC. (a) Photograph highlighting
the original and wedged output faces of the Ce:YAG LC under
room light. (b) Schematic of the wedged Ce:YAG LC with its
dimensions. With optical pumping, the induced luminescence
(green lines) escapes the LC from its wedged output faces.
The Ce:YAG LC was pumped by a xenon lamp housed
within the water-cooled output head of a Lumenis Vas-
culight intense-pulsed-light (“IPL”) source designed for
aesthetic skin treatments. Light from the head was con-
veyed to the LC via a polished fused-silica waveguide
(supplied by Robson Scientific; 150 mm long × 34 mm
wide × 8 mm thick); its outputting end face was sta-
tioned ∼ 2 mm from one of the LC’s 5-mm-wide faces. A
glass band-pass filter transmitting wavelengths between
350 nm and 800 nm (inset of Fig. 2) was installed be-
tween the glass flow tube (containing the xenon lamp)
of the IPL’s head and the waveguide’s input face. This
guaranteed that no harmful ultraviolet light could escape
from the IPL head, and reduced the unnecessary heating
of the LC by infrared light from the lamp’s hot xenon
plasma.
Optical characterisations in terms of the absorptive
and emissive properties of the xenon flash lamp, Ce:YAG
LC and 0.1% Pc:Ptp crystal were carried out to verify
the feasibility of the optical pumping scheme. Optical
absorption spectra of the Ce:YAG LC and Pc:Ptp crys-
tal were measured by an Agilent Cary 5000 UV-Vis-NIR
spectrophotometer. The photoluminescence (PL) of the
Ce:YAG LC was measured by a Horiba Fluorolog-3 spec-
trofluorometer, exciting at 410 nm (this choice of excita-
tion wavelength avoided saturating the instrument’s sen-
sitive photo-multiplier detector). The emission spectrum
of the xenon flash lamp was measured by coupling light
from the fused-silica waveguide’s output face into the in-
put aperture of a home-made integrating sphere[21]; light
from the output aperture of the sphere was fed into an
Ocean Optics USB2000+ spectrometer. The emission
and absorption spectra obtained from the above measure-
ments are shown together in Fig. 4. With the glass band-
pass filter in place, the output of the xenon flash lamp
shows a broad peak ranging from 350 nm to 800 nm indi-
cating the effective elimination of ultraviolet and infrared
light together with a good spectral match to Ce:YAG’s
visible absorption band in the blue, peaking at ∼ 460
nm. The measured emission from the Ce:YAG lumines-
cent concentrator ranges from 480 nm to 700 nm and
overlaps with the transition wavelengths of S0 → S1 (590
nm), S0 → S2 (540 nm) and S0 → S3 (510 nm) for pen-
tacene molecules within the Pc:Ptp crystal, which implies
that a Ce:YAG LC should work as an effective, albeit im-
perfect, pump source for pentacene masers. It is worth
noting that although the emission spectrum of the xenon
flash lamp also overlaps with the pentacene’s absorption
bands, the LC’s prismatic geometry and specular sur-
faces, as shown in Figs. 2 and 3, substantially eliminate
any direct pumping of the Pc:Ptp crystal by the xenon
flash lamp, ensuring that all the light absorbed by pen-
tacene molecules within the Ptp crystal derives from the
Ce:YAG’s luminescence.
FIG. 4. UV/Vis spectra of Ce:YAG (grey) and Pc:Ptp (pur-
ple) and emission spectra of Ce:YAG (orange) and xenon flash
lamp (cyan).
4B. Gain medium
The maser gain medium was a para-terphenyl (Ptp)
crystal substitutionally doped with pentacene (Pc)
molecules at a molar ratio of 0.1% (nominal). Using the
vertical Bridgman-Stockbarger method, this crystal was
grown around the wedged end of the Ce:YAG bar to form
a “lollipop”, with the wedge functioning as an internal
mould (see Figs. 5(b) & (c)). Pentacene (TCI Europe
NV) was used as received and para-terphenyl (Sigma–
Aldrich, ≥99.5%) was purified by zone-refining with 30
cycles. Both were finely ground into powder and mixed in
the molar ratio of 1 : 1000. The mixture was loaded into a
small clean borosilicate tube (inner diameter (I.D.) ∼5.5
mm). A cylindrical poly-tetrafluoroethylene (PTFE)
sleeve with an inner diameter of 4 mm and a height of 8
mm was fitted around the wedged end of the LC. This
sleeve acted as an external mold limiting the crystal’s
radial growth to the same diameter. Several bent layers
of PTFE film were gently wedged between the LC and
the lip of the small borosilicate tube; these prevented the
LC from sliding downwards during the crystal’s growth.
The tube containing the mixed powder, the LC and the
PTFE sleeve was lowered into a larger borosilicate tube
(Dixon Science, 9 mm I.D., already flame-sealed at its
bottom end) which was then flame-sealed at its top end
under an argon atmosphere (BOC, 99.9999%, ∼800 mbar
pressure). The entire assembly is shown in Fig. 5(a). The
sealed outer tube was dangled by a nichrome wire from
the end of a cantilever attached to the translation stage of
a home-constructed vertical translator. It was then low-
ered into a vertical tube furnace (Elite Thermal Systems
Ltd.) with the tapered end of the smaller internal borosil-
icate tube positioned at the furnace’s central (hottest)
zone, set to a temperature of 217 ◦C (just sufficient to
melt the mixed powder). Using the vertical translator,
the vial was lowered towards a cooler part of the tube
furnace at a rate of 2 mm per hour. Once it was certain
that the whole melt had re-solidified (by knowing the
furnace’s vertical temperature profile), the oven’s tem-
perature was ramped downwards at the rate of ∼ 10 ◦C
per hour. A nominally 0.1% Pc:Ptp crystal was thereby
formed around the wedged end of the Ce:YAG LC af-
ter a 3-day growth and cooling run. Cracking away the
outer and inner borosilicate tubes, then carefully peeling
away the inner PTFE sleeve, left a pink cylindrical bead
of Pc:Ptp crystal on a prismatic, lemon-yellow shank of
Ce:YAG. The wedged output faces of the Ce:YAG lumi-
nescent concentrator were entombed within the bead; the
resulting “lollipop” is shown in Fig. 5(b) and (c). The
bead of Pc:Ptp fitted snugly into the STO ring shown in
Fig. 2.
By growing the Pc:Ptp crystal on the wedged end of
the LC, the LC’s guided phosphorescence can be “in-
jected” efficiently into the bulk of the crystal; this is the
aforementioned “invasive optical pumping” approach[22].
This approach is uniquely available to optically-pumped
masers since, in contrast to a laser crystal, the optical ho-
Sealed borosilicate
tubing (inner diame-
ter: 9 mm)
Wedged Ce:YAG LC
Teflon film
Open borosilicate tub-
ing (inner diameter ~
5.5 mm)
PTFE tubing (inner
diameter: 4 mm;
height: 8 mm)
Mixture of pentacene
and para-terphenyl
FIG. 5. (a) 3D-rendered image of the crystal-growth assem-
bly (the upper, empty section of the outer glass vial is not
shown). (b) Computer-generated image of the cylindrical
Pc:Ptp maser crystal (pink) grown around the wedged end
of the Ce:YAG LC (lemon yellow) (c) Actual photograph of
the red-fluorescing 0.1% Pc:Ptp crystal pumped with yellow
light from the Ce:YAG (lemon yellow), which itself is pumped
by pseudo-white light from a mobile phone’s torch.
mogeneity of the gain medium matters. Optical-supply
waveguides (acting like “arteries” for light flow) of a dif-
ferent refractive index to the maser gain medium itself
(such as the wedge inserted within the Pc:Ptp bead) can
advantageously (w.r.t. pumping) invade the gain medium
without adversely affecting the “beam quality” of the
electromagnetic wave being amplified. The only down-
side of using these supply arteries is that the space they
occupy could otherwise be filled with gain medium; in
other words, the maser crystal’s filling factor w.r.t. the
microwave mode will be reduced. The refractive index
of Pc:Ptp is 1.61[28] and that of Ce:YAG is 1.83[29];
their combination, with the latter located inside the for-
mer, forms an optical waveguide where reflections off the
wedged faces gradually increase the angle of incidence
(for pump photons in the waveguide’s core impinging on
its cladding) until the critical angle is exceeded and the
pump photons escape into the Pc:Ptp around it.
Previous arrangements have in contrast used conven-
tional external (“side”) optical pumping where, due to
the large mismatch between the refractive indices of
Ce:YAG and that of air (= 1), an optical coupling
medium (typically oil or glue) is placed between the
LC’s outputting face and the receiving face of the gain
medium[21, 30]. But such an arrangement is problem-
atic at high optical pump fluences due to photochemical
damage/decomposition of either the coupling fluid or the
Pc:Ptp crystal itself in the presence of oxygen. The char-
ring of either can readily lead to photo-thermal run-away.
Here, in contrast, the LC’s output faces are directly in
5contact with the Pc:Ptp crystal, forming a hermetic seal
excluding oxygen. The invasive Ce:YAG wedge also func-
tions as a thermal substrate (“heat sink”) for the Pc:Ptp,
helping to keep it cool. These two features of invasive op-
tical pumping help to protect the Pc:Ptp from charring.
The bright red fluorescence emanating from the Pc:Ptp
crystal shown in Fig. 5(c) demonstrates the efficient op-
tical coupling of the LC’s output into the crystal.
C. Maser cavity
The maser cavity used here was an STO ring
(Gaskell Quartz Ltd., I.D. = 4.05 mm, outer diameter
(O.D.) = 12.0 mm, height = 8.6 mm) housed inside a
cylindrical copper enclosure. A support made of cross-
linked polystyrene (viz. Polypenco Q200.5 Elder Engi-
neering Ltd., similar to Rexolite) raised the STO ring
3 mm above a copper conducting plane. Fig. 2 shows the
cavity setup with the Pc:Ptp crystal loaded inside the
STO ring. An inductive loop (coupling coefficient k = 1)
soldered to an SMA connector was introduced into the
copper enclosure to provide an output coupler.
The frequency of the STO-ring-loaded cavity’s TE01δ
mode was mechanically tuned (varying the height of the
cavity’s internal metal “ceiling” suspended on a screw) to
Pc:Ptp’s |X〉 ↔ |Z〉 transition, i.e. fmode = fXZ = 1.4495
GHz. This coupled the microwave photons resident in
the TE01δ mode to the spin polarization associated with
said transition. The loaded quality factor (QL) of the
TE01δ mode was measured to be 3600 using a vector
network analyzer (Agilent 8753C). Due to the high di-
electric constant (εr ≈ 312) of STO at microwave fre-
quencies, the magnetic mode volume of TE01δ was only
Vmode ∼ 0.3 cm3 leading to a high Purcell factor[24] for
magnetic-dipole transitions. The magnetic energy den-
sity and magnetic field vector of the TE01δ mode were
simulated using COMSOL Multiphysics with a 2.5 D ax-
isymmetric model[31], and are shown in Fig. 6. Magnetic
flux is “funneled” through the bore of the STO ring where
the Pc:Ptp crystal is located, resulting in a single spin-
photon coupling strength of gs = γ
√
µ0hfmode/2Vmode =
0.23 Hz, where γ is the electron gyromagnetic ratio, µ0 is
the permeability of free-space, and h is Planck’s constant.
The magnetic-dipole moment associated with transi-
tions between the |X〉 and |Z〉 sublevels, as is associated
with the SY spin-operator, lies along pentacene’s short
in-plane molecular axis (i.e. its y-axis)[32]. Given (i) the
predominately axial polarization of the oscillating mag-
netic field that the TE01δ mode provides, (ii) the fact that
the grown cystal’s predominate cleavage plane contained
this axis and (iii) the orientations of the two magneti-
cally inequivalent sites within Ptp’s unit cell that Pc can
dope into, it is expected that the average dimensionless
magnetic-dipole-transition matrix element (squared)[5]
for the stimulated emission (or absorption) between the
|X〉 and |Z〉 sublevels will be a reasonably sizeable frac-
tion of unity (depending on the exact crystal orientation).
Determining its value experimentally requires performing
“quantitative EPR”, which is complicated by uncertainty
in orientation combined with the existence of inhomoge-
neous broadening, meaning that not all excited pentacene
molecules have |X〉 ↔ |Z〉 transitions (at zero field) in
tune with the cavity’s mode, namely fmode 6= fXZ. We
doubt that the dilution factor associated with this broad-
ening (for an optically clear Pc:Ptp monocrystal made
from pure ingredients) is more than a factor of 10, how-
ever.
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FIG. 6. 2D axisymmetric simulation of the magnetic energy
density (false-color “heat” map) and magnetic field vector
(white arrows) of the TE01δ mode of the STO-loaded mi-
crowave cavity. The geometries of the STO ring, Pc:Ptp
crystal and cross-linked polystyrene support in medial cross-
section are highlighted in blue, magenta and red, respectively.
IV. MASER PERFORMANCE
A single pulse (or “flash”) emanating from the xenon
lamp inside the head of the IPL source lasts 4 ms and pro-
vides a fluence of 2.35 J/cm2 (exiting the output face of
the fused-silica light guide into air, measured by a Thor-
labs ES245C pyroelectric sensor); see Fig. 7. The flash
irradiates a rectangular region, 5 mm wide by 34 mm
long (equating to an area of ∼1.7 cm2) on one of the
Ce:YAG LC’s main faces, implying that the LC receives
a ∼4 J dose of white pump light per flash. Since, the
luminescent lifetime of the Ce:YAG is only ∼70 ns[27],
the instantaneous-power-versus-time profile of the LC’s
yellow output faithfully mimics (i.e. same duration and
shape as) that of the primary white pump flash. The en-
ergy of this secondary “maser-pump” pulse, entering the
Pc:Ptp crystal through the Ce:YAG LC’s output faces,
cannot be directly measured. However, adopting the re-
ported power-conversion efficiency of ∼17%[21] for a sim-
ilar Ce:YAG LC (with a mirror at one end), we estimate
this pump energy to be 680 mJ corresponding to an in-
stantaneous pump power of ∼170 W. Upon the Pc:Ptp
crystal receiving its pump pulse, a maser burst at 1.4495
GHz, with a peak power of approximately -25 dBm, could
6FIG. 7. Experimental (pink) and simulated (blue) 4-ms maser
response evolving with the optical pumping of the Ce:YAG
LC. Inset: Zoom-in of the Rabi oscillations occurring at the
beginning of the maser burst.
be detected using a logarithmic detector (Analog Devices
AD8318) and was recorded using a digital storage oscil-
loscope (Tektronix TBS 1102B-EDU, 2 GSa/s sampling-
rate, 100 MHz bandwidth); see Fig. 7. The maser burst
also has virtually the same duration as that of its opti-
cal pump, namely 4 ms (excluding a few µs of start-up
delay).
The oscillations observed at the beginning of the maser
burst are Rabi oscillations resulting from coupling be-
tween the pentacene’s spin ensemble and microwave pho-
tons in the TE01δ mode. Such “Dicke states” have
been studied for a similar maser pumped with 5.5 ns
pulses of 592-nm light, supplied by an OPO (pumped
by a Q-switched Nd:YAG laser)[19]. This is a vastly
shorter pump duration than that which is used in the
present work (4 ms). Since the measured maser out-
put Pmaser is related to the average number of photons
〈aˆ†aˆ〉 in the TE01δ mode according to the expression
Pmaser = hfmode〈aˆ†aˆ〉κck/(1 + k)[19], where k = 1 is
the coupling coefficient of the output port of the cavity,
the observed 4-ms maser burst as well as the Rabi oscil-
lations have been simulated (see Fig. 7) by extracting the
average photon number 〈aˆ†aˆ〉 from the following master
equations (Eq. 1-6)[15]:
d〈NˆX〉
dt
= PXηISCΓ − kX〈NˆX〉 − γXZ(〈NˆX〉 − 〈NˆZ〉)− γXY(〈NˆX〉 − 〈NˆY〉)− igs(〈Sˆ+aˆ〉 − 〈aˆ†Sˆ−〉) (1)
d〈NˆY〉
dt
= PYηISCΓ − kY〈NˆY〉 − γYZ(〈NˆY〉 − 〈NˆZ〉)− γXY(〈NˆY〉 − 〈NˆX〉) (2)
d〈NˆZ〉
dt
= PZηISCΓ − kZ〈NˆZ〉 − γXZ(〈NˆZ〉 − 〈NˆX〉)− γYZ(〈NˆZ〉 − 〈NˆY〉) + igs(〈Sˆ+aˆ〉 − 〈aˆ†Sˆ−〉) (3)
d〈Sˆ+aˆ〉
dt
= −κc + κs
2
〈Sˆ+aˆ〉 − igs(〈Sˆ+Sˆ−〉+ 〈NˆX〉+ 〈aˆ†aˆ〉〈SˆZ〉) (4)
d〈Sˆ+Sˆ−〉
dt
= −κs〈Sˆ+Sˆ−〉+ igs〈SˆZ〉(〈Sˆ+aˆ〉 − 〈aˆ†Sˆ−〉) (5)
d〈aˆ†aˆ〉
dt
= −κc(〈aˆ†aˆ〉 − n¯) + igs(〈Sˆ+aˆ〉 − 〈aˆ†Sˆ−〉) (6)
Here, the population of pentacene molecules in a state
or sublevel L ∈ {|X〉, |Y〉, |Z〉} is expressed as the ex-
pectation value of the number operator NˆL, respectively.
Sˆ+aˆ, Sˆ+Sˆ− and aˆ†aˆ are, respectively, the operators of
spin-photon coherence, spin-spin coherence and the pho-
ton number in the TE01δ mode. SˆZ = NˆX − NˆZ is
the spin polarization between the |X〉 and |Z〉 triplet
sublevels. The optical pump rate is evaluated as Γ =
ηoptPpump/hfpump, where ηopt is a dimensionless param-
eter adjusting the overall efficiency of the pumping pro-
cess (it has no relation to the previously mentioned maser
“co-operativity”). We found the best-fit value of the
efficiency ηopt is about 5.4%. The inefficiency can be
attributed to (i) the inhomogeneous broadening of pen-
tacene (∼ 4 MHz[12]) such that only about 10% of the
pentacene molecules with the |X〉 ↔ |Z〉 transition match
the cavity’s linewidth (∼ 400 kHz), and (ii) the mis-
alignment between the mode’s magnetic field and pen-
tacene’s magnetic-dipole moment lying along the short
in-plane molecular axis. Ppump is the instantaneous
power of the pump “beam” coming from the Ce:YAG
luminescent concentrator; fpump is the optical frequency
of the LC’s peak emission at 528 nm; and ηISC is the
ISC yield (∼ 62.5%[25]) that can be evaluated accord-
ing to ηISC = kISC/(kISC + ksp). The rate of the spon-
taneous emission ksp = 4.2 × 107 s−1[25] and the ISC
rate kISC = 6.9 × 107 s−1[25]. PX = 0.76, PY = 0.16
and PZ = 0.08 are the normalized (PX + PY + PZ = 1)
spin-selective population rates for transfers of population
mediated by inter-system crossing into T1’s |X〉, |Y〉 and
|Z〉 sublevels. Because internal conversion from T2 to T1
(in Fig. 1) is both extremely fast and spin-polarization
7preserving, one can regard the ISC process as moving
population directly from S1 into T1’s three sublevels.
Our best-fitted triplet decay rates (ki) and the spin-
lattice relaxation rates (γij) are shown in Table. I. We
note that the values obtained for kX, kY and γYZ differ
slightly from those reported in our previous study[20].
We suspect that the discrepancies stem from the differ-
ent light sources used for pumping the Pc:Ptp crystal. In
ref. [20], an optical parametric oscillator (OPO), provid-
ing a monochromatic output at 590 nm, was used. Light
at this wavelength can only be absorbed via pentacene’s
S0 →S1 transition. In contrast, the Ce:YAG LC’s output
spans a relatively broad range of wavelengths as shown
in Fig. 4, which may further induce the optical excita-
tion of pentacene molecules in T1 to higher triplets states
(e.g. T1 → T3[33, 34]), potentially altering the triplet
spin dynamics. κc = 2pifXZ/QL = 2.5 MHz is the cav-
ity decay rate. κs = 1.1 MHz is the spin-dephasing rate
of the pentacene’s triplets which is larger than the value
measured by zero-field pulsed EPR free induction decay
(FID) in a separate study (0.7 MHz)[32]. The difference
may arise from a concentration effect[35]: our Pc:Ptp
crystal had a doping concentration of 0.1% whereas that
of the crystal studied in the FID measurements was lower
at ∼ 0.01%. n¯ = 1/(exp[hfmode/kBT ] − 1) ≈ 4300 is
the mean number of thermal photons in the TE01δ mode
where kB is the Boltzmann constant and T = 298 K is
the temperature. The coupled master equations were in-
tegrated in time with initial conditions 〈NˆX〉 = 〈NˆY〉 =
〈NˆZ〉 = 〈Sˆ+aˆ〉 = 〈Sˆ+Sˆ−〉 = 0 and 〈aˆ†aˆ〉 = n¯ ≈ 4300.
As revealed in Fig. 7, the simulation reproduces the
Rabi oscillations alongside the 4-ms maser burst. The
experimental maser oscillation exhibits a decrease in out-
put power over the 4-ms duration while the simulated
output power is stable. We attribute the discrepancy
to thermal-loading of the gain medium. By integrating
the maser signal, the output energy can be estimated to
be ∼1.55 nJ and since the pentacene molecules have low
fluorescence quantum yield (∼27.5%[25]) and low phos-
phorescence yield (due to dominant non-radiative triplet
decay[36]), the optical pump energy (680 mJ) can be as-
sumed to be mostly converted to heat. The heat capacity
of the host material para-terphenyl is ∼ 280 J K−1 mol−1
at room-temperature[37] and the Pc:Ptp crystal contains
around 4.4×10−4 mol of para-terphenyl. Therefore, a sin-
gle 4-ms optical pump pulse should raise the temperature
of the crystal by ∼6 K. The temperature increase will
give rise to faster spin relaxation processes in pentacene’s
triplet sublevels[38] and shifts in both the frequency of
the maser transition |X〉 ↔ |Z〉 and the frequency of
TABLE I. Zero-field spin dynamics of pentacene’s lowest
triplet state T1. Units: 10
4 s−1.
kX kY kZ γXY γYZ γXZ
2.8±0.5 0.6±0.2 0.2±0.09 1.1±0.2 2.2±0.2 0.4±0.2 ref. [20]
2.2 1.4 0.2 1.1 2.8 0.4 This work
maser cavity’s TE01δ mode (upon the crystal transfer-
ring its acquired warmth to the STO surrounding it).
Using Figure 4 of ref. [39], the temperature dependence
of the former can be estimated to be -80 kHz/K. Con-
sidering an extreme case that the optical pump energy
is completely transferred to the dielectric ring containing
2.3×10−2 mol of STO whose heat capacity is∼ 100 J K−1
mol−1[40], the maximum temperature rise of the STO
should be ∼ 0.3 K. Using the known Curie-Weiss tem-
perature dependence of STO’s dielectric constant [41],
the temperature dependence of the latter is estimated to
be around +2.6 MHz/K. These changes could certainly
degrade the maser’s output power as seen in Fig. 7. The
observed thermal issue implies that, as with many types
of CW lasers, active cooling of the gain medium will be
required for sustained operation and that, if the resonator
is adjusted to match the frequency of the maser transi-
tion when the crystal is continuously pumped (and thus
warm), there could be an initial delay in the onset of
masing as the crystal warms up.
The previous study[13] showed that a certain figure of
merit, κ, with an expression of
κ =PX[1 + (kY + kZ + kYkZ/γXY)/kX]
−(PZ/γXY){kY + γYZ[1 + (kY + kZ)/kX]}
+(kZ/kX)(γYZ/γXY)− 1 (7)
must exceed zero for continuous masing to be possible.
Using the spin dynamics extracted from the simulation,
we evaluated that κ = 0.2, which indicates that our setup
in this work is feasible for operating a pentacene maser
in a CW mode at room-temperature.
V. CONCLUSION AND OUTLOOK
In summary, pumped by a Ce:YAG LC with an out-
put power of 170 W, a room-temperature quasi-CW pen-
tacene maser has been successfully achieved. It can oper-
ate continuously for 4 ms with a peak power of -25 dBm.
Although this is preliminary work for realizing a CW
pentacene maser, the results have solved a long-standing
mystery about whether the pentacene maser can work
in a CW mode or not. We found that it is perfectly
possible for the pentacene maser to run in a CW mode
provided the heat generated by optical pumping of the
gain medium can be removed effectively. Flowing argon
gas around the pentacene gain medium might be a solu-
tion. Similar to LC pumped CW lasers[30, 42], a high
power light-emitting diode could be used, in lieu of a
flash lamp, to pump the Ce:YAG LC (combined with in-
vasive optical pumping) and power the pentacene maser.
As an efficient pump source, LCs offer the advantages of
low cost, low maintenance and simple fabrication, which
would support the future development of cheaper, high-
power solid state lasers/masers.
8FUNDING
This work was supported by the U.K. Engineering
and Physical Sciences Research Council through grants
EP/K037390/1 and EP/M020398/1. H.W. acknowledges
financial support from the China Scholarship Council
(CSC) and Imperial College London for a CSC-Imperial
PhD scholarship 201700260049.
ACKNOWLEDGMENTS
We thank Ben Gaskell of Gaskell Quartz Ltd. for hand-
fabricating (with no little care and precision) the stron-
tium titanate ring used. We thank Simon Rondle of
Photronics Ltd. for supplying, refurbishing and commis-
sioning the xenon flash lamp. We also thank Dr. Shamil
Mirkhanov for the preliminary work on invasive optical
pumping.
[1] J. P. Gordon, H. J. Zeiger, and C. H. Townes, The
masernew type of microwave amplifier, frequency stan-
dard, and spectrometer, Phys. Rev. 99, 1264 (1955).
[2] W. Culver, The maser, Science 126, 810 (1957).
[3] E. Schulz-DuBois, Theory of intermodulation and har-
monic generation in traveling-wave masers, Proc. IEEE
52, 644 (1964).
[4] W. Chang and A. Siegman, Characteristics of ruby for
maser applications, Tech. Rep. (Stanford Univ. CA, Stan-
ford Electronics Labs, 1958).
[5] A. E. Siegmann, Microwave Solid-State Masers
(McGraw-Hill, 1964).
[6] J. Shell, R. Clauss, S. Petty, G. Glass, M. Fiore, J. Ko-
vatch, J. Loreman, D. Neff, R. Quinn, and D. Trowbridge,
Ruby masers for maximum G/Top, Proc. IEEE 82, 796
(1994).
[7] R. Clauss and J. S. Shell, Chapter 3: “Ruby Masers” in
Low-Noise Systems in the Deep Space Network, ed. Reid,
M. S., Deep Space Communication and Navigation Series
(JPL, Caltech, 2008).
[8] J. P. Gordon, H. J. Zeiger, and C. H. Townes, Molecular
microwave oscillator and new hyperfine structure in the
microwave spectrum of NH3, Phys. Rev. 95, 282 (1954).
[9] J. Vanier, The active hydrogen maser: state of the art
and forecast, Metrologia 18, 173 (1982).
[10] P.-Y. Bourgeois, N. Bazin, Y. Kersale´, V. Giordano,
M. Tobar, and M. Oxborrow, Maser oscillation in
a whispering-gallery-mode microwave resonator, Appl.
Phys. Lett. 87, 224104 (2005).
[11] N. Bloembergen, The zero-field solid state maser as a
possible time standard, in Quantum Electronics, edited
by C. Townes, Proceedings of symposium held Sept. 14-
16, 1959, at Shawanga Lodge, High View, NY (Columbia
University Press, New York, 1960) p. 160.
[12] M. Oxborrow, J. D. Breeze, and N. M. Alford, Room-
temperature solid-state maser, Nature 488, 353 (2012).
[13] M. Oxborrow, Maser assembly (2017), US Patent
9,608,396.
[14] E. Salvadori, J. D. Breeze, K.-J. Tan, J. Sathian,
B. Richards, M. W. Fung, G. Wolfowicz, M. Oxborrow,
N. M. Alford, and C. W. Kay, Nanosecond time-resolved
characterization of a pentacene-based room-temperature
maser, Sci. Rep 7, 1 (2017).
[15] L. Jin, M. Pfender, N. Aslam, P. Neumann, S. Yang,
J. Wrachtrup, and R.-B. Liu, Proposal for a room-
temperature diamond maser, Nat. Commun. 6, 1 (2015).
[16] S. Bogatko, P. D. Haynes, J. Sathian, J. Wade, J.-S.
Kim, K.-J. Tan, J. Breeze, E. Salvadori, A. Horsfield, and
M. Oxborrow, Molecular design of a room-temperature
maser, J. Phys. Chem. C 120, 8251 (2016).
[17] M. Fischer, A. Sperlich, H. Kraus, T. Ohshima, G. As-
takhov, and V. Dyakonov, Highly efficient optical pump-
ing of spin defects in silicon carbide for stimulated mi-
crowave emission, Phys. Rev. Appl. 9, 054006 (2018).
[18] J. D. Breeze, E. Salvadori, J. Sathian, N. M. Alford, and
C. W. Kay, Continuous-wave room-temperature diamond
maser, Nature 555, 493 (2018).
[19] J. D. Breeze, E. Salvadori, J. Sathian, N. M. Alford, and
C. W. Kay, Room-temperature cavity quantum electro-
dynamics with strongly coupled dicke states, npj Quan-
tum Inf. 3, 1 (2017).
[20] H. Wu, W. Ng, S. Mirkhanov, A. Amirzhan, S. Nitnara,
and M. Oxborrow, Unraveling the room-temperature
spin dynamics of photoexcited pentacene in its lowest
triplet state at zero field, J. Phys. Chem. C 123, 24275
(2019).
[21] J. Sathian, J. D. Breeze, B. Richards, N. M. Alford, and
M. Oxborrow, Solid-state source of intense yellow light
based on a Ce: YAG luminescent concentrator, Opt. Ex-
press 25, 13714 (2017).
[22] H. Wu, S. Mirkhanov, W. Ng, K.-C. Chen, Y. Xiong,
and M. Oxborrow, Invasive optical pumping for room-
temperature masers, unpublished work (2020).
[23] E. M. Purcell, Spontaneous transition probabilities in
radio-frequency spectroscopy, Phys. Rev. 69, 681 (1946).
[24] J. Breeze, K.-J. Tan, B. Richards, J. Sathian, M. Oxbor-
row, and N. M. Alford, Enhanced magnetic purcell effect
in room-temperature masers, Nat. Commun. 6, 1 (2015).
[25] K. Takeda, K. Takegoshi, and T. Terao, Zero-field elec-
tron spin resonance and theoretical studies of light pen-
etration into single crystal and polycrystalline mate-
rial doped with molecules photoexcitable to the triplet
state via intersystem crossing, J. Chem. Phys. 117, 4940
(2002).
[26] D. J. Sloop, H.-L. Yu, T.-S. Lin, and S. Weissman, Elec-
tron spin echoes of a photoexcited triplet: Pentacene in
p-terphenyl crystals, J. Chem. Phys. 75, 3746 (1981).
9[27] Manufactured by CRYTUR, spol. s r.o., Turnov, Czech
Republic.
[28] H. de Vries and D. A. Wiersma, Fluorescence transient
and optical free induction decay spectroscopy of pen-
tacene in mixed crystals at 2 K. Determination of inter-
system crossing and internal conversion rates, J. Chem.
Phys. 70, 5807 (1979).
[29] D. E. Zelmon, D. L. Small, and R. Page, Refractive-index
measurements of undoped yttrium aluminum garnet from
0.4 to 5.0 µm, Appl. Opt. 37, 4933 (1998).
[30] A. Barbet, A. Paul, T. Gallinelli, F. Balembois, J.-
P. Blanchot, S. Forget, S. Che´nais, F. Druon, and
P. Georges, Light-emitting diode pumped luminescent
concentrators: A new opportunity for low-cost solid-state
lasers, Optica 3, 465 (2016).
[31] M. Oxborrow, Traceable 2-D finite-element simulation
of the whispering-gallery modes of axisymmetric electro-
magnetic resonators, IEEE Trans. Microw. Theory Tech.
55, 1209 (2007).
[32] T.-C. Yang, D. J. Sloop, S. Weissman, and T.-S. Lin,
Zero-field magnetic resonance of the photo-excited triplet
state of pentacene at room temperature, J. Chem. Phys.
113, 11194 (2000).
[33] C. Hellner, L. Lindqvist, and P. Roberge, Absorption
spectrum and decay kinetics of triplet pentacene in solu-
tion, studied by flash photolysis, J. Chem. Soc., Faraday
Trans. 2 68, 1928 (1972).
[34] S. Khan and S. Mazumdar, Theory of transient excited
state absorptions in pentacene and derivatives: triplet–
triplet biexciton versus free triplets, J. Phys. Chem. Lett.
8, 5943 (2017).
[35] J. J. Morton, A. M. Tyryshkin, A. Ardavan,
K. Porfyrakis, S. A. Lyon, and G. A. D. Briggs, Envi-
ronmental effects on electron spin relaxation in N@C60,
Phys. Rev. B 76, 085418 (2007).
[36] R. H. Clarke and H. A. Frank, Triplet state radiationless
transitions in polycyclic hydrocarbons, J. Chem. Phys.
65, 39 (1976).
[37] S.-S. Chang, Heat capacity and thermodynamic proper-
ties of p-terphenyl: Study of order–disorder transition
by automated high-resolution adiabatic calorimetry, J.
Chem. Phys. 79, 6229 (1983).
[38] J.-L. Ong, D. J. Sloop, and T.-S. Lin, Deuteration effect
on the spin dynamics of the photo-excited triplet state
of pentacene in p-terphenyl crystals, Chem. Phys. Lett.
241, 540 (1995).
[39] J. Lang, D. J. Sloop, and T.-S. Lin, Dynamics of p-
terphenyl crystals at the phase transition temperature:
A zero-field EPR study of the photoexcited triplet state
of pentacene in p-terphenyl crystals, J. Phys. Chem. A
111, 4731 (2007).
[40] D. de Ligny and P. Richet, High-temperature heat ca-
pacity and thermal expansion of SrTiO3 and SrZrO3 per-
ovskites, Phys. Rev. B 53, 3013 (1996).
[41] M. A. Saifi and L. Cross, Dielectric properties of stron-
tium titanate at low temperature, Phys. Rev. B 2, 677
(1970).
[42] Y. Yang, I. D. Samuel, and G. A. Turnbull, The develop-
ment of luminescent concentrators for pumping organic
semiconductor lasers, Adv. Mater. 21, 3205 (2009).
